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Molten carbonate fuel cell (MCFC) is a promising technology for distributed power generation. The core of a MCFC power 
generation unit is the stack, where various fuel cells are connected together in series and parallel in order to obtain the desired voltage 
and power. Stack geometry and configuration are major engineering topics, as inhomogeneous temperature or mass fractions cause 
inefficient performances of the fuel cells, as efficiency and power smaller than the expected and shorter lifetime. A detailed model is a 
useful tool to improve stack performances, through design improvements.  
In this paper, a 3D model of a stack composed of 15 circular MCFC, considering heat, mass and current transfer as well as chemical 
and electrochemical reactions is presented. The model validation is conducted using some preliminary experimental data obtained for 
a MCFC stack developed in the Fabbricazioni Nucleari laboratories. These results are examined in order to improve the stack 
configuration. It is shown that power density may be increased of about 20% through double side feeding. In addition, the average 
temperature gradients in the axial direction are reduced of more than 70%. Significant reductions in the temperature gradients, 
especially in transversal direction, can be achieved by adjusting the mass flow rate of cathodic gas supplied to the various cells.  
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NOMENCLATURE 
 Effective diffusion coefficient (m2 s-1) 
 Mass diffusion coefficient (m2 s-1) 
 Apparent activation energy (K-1) 
 Faraday constant (96487 C mol-1) 
 Specific enthalpy (J kg-1) 
 Current density vector (A m-2) 





 Exchange current density (A m-2) 
 Permeability (m2) 
 Thermal conductivity (W m-1 K-1) 
 Effective thermal conductivity (W m-1 K-1) 
 Molecular weight (kg mol-1) 
 Number of electrons 
 Pressure (Pa) 
 Universal gas constant (W mol-1 K-1) 
 Specific entropy (J kg-1 K-1) 
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 Heat source term (W m-3 s-1) 
 Temperature (K) 
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 Transfer coefficient 
 Porosity 
act Activation overpotential (V)  
 Viscosity (m s-2) 
 Density (kg m-3) 
 Electric conductivity (Ω-1 m-1) 
 Tortuosity  
 Mass fraction of species i 
 
INTRODUCTION 
Molten Carbonate Fuel Cell (MCFC) is a fuel cell which electrolyte is a ceramic matrix filled of sodium and potassium carbonates, in 
molten form. The operating temperature is usually between 600°C and 700°C in order to allow effective ion conduction and prevent 
from rapid voltage degradation. Carbonate ions are produced on the cathodic side, by the electrochemical reaction 
 






and migrate through the electrolyte to the anodic side, where the following reaction occurs 
 
 H2 + CO3
--




One of the main advantages of MCFCs is the potential high efficiency that can be achieved with hybrid cycles, where the fuel cell is 
integrated with a microturbine This kind of plants is still not commercial, but several installations are now operating. Some of the 
issues are related with plant lifetime and discrepancies between theoretical and real performances. Detailed models of MCFC can be 
used to understand the phenomenological behavior [1], evaluate the effects of possible changes in the design [2], examine the 
operating conditions for diagnosis [3] or control purposes [4], predict the performances of a cell within a complex plant, such as a 
hybrid plant [5]. Various single cell and stack models have been proposed in the last 30 years. A comprehensive review of the models 
proposed in the eighties and nineties is available in [6]. Because of the computational limitations, associated to both hardware and 
software, significant hypotheses had to be formulated which nowadays may be overcome. An hypothesis which is still popular, 
especially in the case of transient simulation [7], is that of plug flow. This allows one to reduce the number of computational cells, as 
discussed in [8]. The full 3D analysis is usually adopted for planar structures [9], sometimes using a coarse mesh. 
Other possible approaches in the case of stack modeling are based on repeated cells with proper boundary conditions to account for 
the position within the stack [11], on model reduction (2D) [10] and on quasi-3D models obtained through 1D [3], 2D [12] or network 
models [13] with proper inputs from parallel layers.  
This paper aims to investigate possible improvements that can be achieved by introducing design changes at stack level. A prototype 
composed by 15 circular molten carbonate fuel cells, manufactured by the Italian company Fabbricazioni Nucleari [14], is considered. 
The analysis is conducted through a full 3D model of the stack. The model accounts for heat, mass and charge transfer; chemical and 
electrochemical reactions are considered through proper boundary conditions and source terms in the partial differential equations. 
The results show that non-homogeneous distributions of temperature and reactant mass fractions occur both at cell level and stack 
level. This means that there are significant differences in temperatures and concentrations between zones in a cell and also between 
the various cells. This behavior, already shown in previous studies conducted on different cell and stack geometries [4, 12, 15, 16] and 
confirmed by the experimental analysis, is responsible for undesired behaviors: efficiencies or power densities lower than expected, 
due to larger resistances, and reduced lifetime, due to high temperatures and large temperature gradients. Possible design changes that 
allows one to reduce gradients at cell level have been examined in [17]. Here possible design changes at stack level are proposed. 
These changes are basically conducted by intervening on the oxidant mass flow rate supplied to the various cells. The stack 
configuration analyzed in this paper allows one to increase the mass flow rate to the cells at higher temperature, obtaining a more 
homogeneous distribution. This subject is not widely treated in the literature. In [18] a mixed experimental-numerical approach is used 
to improve the performance of a MCFC stack. A simple numerical model is used to adjust some orifices and homogenize the flow 
distribution. No thermal analysis is conducted. In [19] two stack configurations, co-flow and counter-flow, are compared using 
experimental analysis. In [20] the reverse problem is considered, i.e. the effects of flow maldistribution are simulated for a SOFC 
stack. 
 
MCFC STACK GEOMETRY AND MODEL 
The stack is composed of an external supporting structure in stainless steel, where distribution channels are located, and an internal 
portion, which includes the electrodes, the electrolyte and the porous distribution layers.  
Figure 1 shows the mesh of the computational domain, which corresponds to a quarter of the entire stack. This shows the 15 cells, 
  
 3  
Cite this article as: Verda V, Sciacovelli A, Design improvement of circular molten carbonate fuel cell stack through CFD 
Analysis, Applied Thermal Engineering 31 (2011) 2740-2748, doi:10.1016/j.applthermaleng.2011.04.046 
together with the axial inlet and outlet ducts for fuel and cathodic gas. Fuel flows from the bottom to the top and air from the top to the 
bottom. These gases enter each single cell through radial ducts also represented in the figure. In total there are 4 inlet anodic channels, 
4 inlet cathodic channels, 4 outlet anodic channels and 4 outlet cathodic channels. 
Figure 2 shows a schematic of a single fuel cell, together with the external structure, the 16 axial ducts (A-D are the inlet anodic ducts, 
E-H the inlet cathodic ducts, I-L the outlet anodic ducts and M-P the outlet cathodic ducts) and the radial ducts. To show the various 
layers of the cells and the main flow paths, two cross sections are drawn in Figure 3. 
The fuel cell consists of a total of 11 layers: 2 external supporting layers in stainless steel, 2 porous inlet channels (for fuel and 
cathodic gas), 2 stainless steel plate with small axial orifices in the center, 2 outlet channels, anode, electrolyte and cathode. In the 
inlet channels, the fluid enters from the four radial channels: those connected with ducts A-D distribute the fuel to the inlet anodic 
channel (in Figure 3, the axial duct A and the corresponding radial duct is represented), and those connected with ducts E-H distribute 
the cathodic gas to the inlet cathodic channel. These gases flow from the periphery towards the center and then through the axial 
orifices, reaching the porous outlet channels. In these channels, the fluids permeate the electrodes while flowing towards the 
periphery, where the exhausts exit through the radial ducts (those connected with axial ducts I-H and M-P. In Figure 3, the axial duct 
K and the corresponding radial duct are represented). 
This structure has the advantage to be easy to build. Both the external and the internal structures are constituted of a superimposition 
of layers. This allows one to obtain the axial and radial channels through laser cutting. In addition, this arrangement is modular, thus a 
different size is obtained by stacking a different number of layers (including both the internal and external structure), without issues 
concerning fluid distribution. A stack of 15 cells is then obtained by simple superposition of 15 groups of layers as these shown in 
Figure 3. Stack dimensions are presented in Table 1. 
The cell matrix is made of γ-LiAlO2. This is obtained in the FN laboratories through a productive process from the moulding plastic 
technology, which is fast and does not require any solvents. The electrolyte is the eutectic Li-K carbonate melt. 
A model used for stack design purpose should solve mass (i.e. fluid flow and conservation of species), heat and current transfer. Fluid 
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(4) 
where  is the fluid density, V

is the velocity vector, p is the pressure,  the viscosity, K the permeability. The last term in equation (4) 
only appears in the porous media (Brinkman equation), while it is zero in the channels (Navier-Stokes equation). 
Mass flow rates , mass fractions  and temperatures are specified on the inlet cross-sections. On the outlet cross-sections, pressure 
is set as equal to the ambient pressure, namely: 
   (5) 
Since the MCFC stack geometry presents an angular periodicity of 90°, periodic boundary conditions are imposed along the two 
longitudinal planes of the computational domain represented in Figure 1for equations (1) and (2). These conditions are also imposed 
for all the other partial differential equations.  Finally, velocities are set to zero at the solid walls. 
The conservation of gas species is written for H2, CO, CO2, H2O on the anode side and O2, CO2, N2 on the cathode side. For the 
general species this is written in the form 
 
i i iV J S
 
 (6) 




i i eff i j eff j j eff j
j j




The first term on the right hand side is Fick diffusion due to concentration gradients [21], while the other terms are the correction 
factors to enforce the Stefan-Maxwell equations for the multi-component diffusion.  M is the molar mass and Di,eff coincides with the 
binary diffusivity in the gas channels [22]. Binary diffusivities are calculated through the Fuller–Schettler–Gidding correlation [24]: 
 
   (8) 
   (9) 
 
Diffusivities (8) are corrected as effective binary diffusivities [23, 24] in order to take the influence of the porous media on the 
diffusion rate into account 
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,ij eff ijD D
 (10) 
 
The source term in equation (6) accounts for the water-gas shift reaction in the anode. Internal steam reforming in the anode has not 
been considered, as there is no specific active catalyst for this reaction [25]. Generation and destruction of species due to the 
electrochemical reactions are computed through proper boundary conditions on the surface between the electrolyte and the electrode. 














 is the unit vector perpendicular to the surface, i

 the current, ne the number of electrons involved in the electrochemical 
reaction of the i-th species and F the Faraday’s constant.  
A convective flow condition  
   (12) 
 
is assumed on the outlet sections, while mass fluxes are set to zero at the solid walls. The continuity is imposed at the electrode/outlet 
channel interfaces. 
Heat transfer is solved by means of the energy equation, which has been written in the form:  
 
eff hV h k T S

  (13) 
where h is the fluid enthalpy and keff is the effective conductivity, which is the gas conductivity in the channels and the weighted mean 
conductivity of gas conductivity and solid matrix conductivity [Anderson et al]: 
 
   (14) 
 
where the subscripts g and s refer to the gas and the solid phase respectively. In equation (9r)   is the porosity of the porous media. 
Properties of gaseous species are obtained from [27]. 
The source term  accounts for Joule heating effect due to ohmic resistance, i.e.:  
 
2 hS  
(15) 
where  is the electrical conductivity and  the potential. Electrolyte conductivity is expressed as the function of local temperature: 
 
   (16) 
 
where the parameters  and  are shown in Table 2. Conductivities of the electrodes are assumed as constant.  
The reversible heat and the activation losses associated to the electrochemical reactions are accounted through the following boundary 
condition applied to electrode/electrolyte interface [28]: 
 
   (17) 
 
Convective flow condition is assumed on the outlet sections: 
 
   (18) 
 
The current transfer is computed through the following conservation equation: 
 
 
2 0  (19) 
 
The cell potential is imposed on the top and bottom surfaces. In addition,  a voltage drop due to activation overpotential is set on the 
surface between the electrodes and electrolyte. These are computed through the Butler-Volmer equation [29, 30]: 
 
   (20) 
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The exchange current at the cathode side  depends on the partial pressure of the reacting gas: 
 
   (21) 
 
The values of , and  are taken from [30]. The anode exchange current density is obtained as follow [30]: 
 
   (22) 
 
The values of the various parameters are shown in Table 2.  
Grid sensitivity is performed on the single cell, because of the large computational cost that would require the analysis of the entire 
stack. Three different grids have been used to check the mesh sensitivity. The number of cells adopted are about 60000, 90000 and 
120000, respectively. Temperature profiles along the cell radius are presented in Figure 4. The curves show that 60000 cells are 
sufficient to avoid significant changes in the results due to the mesh choice. 
To check the model, three points at different voltage are calculated for a single cell and compared with the experimental polarization 
curve. This comparison is shown in Figure 5. 
 
STACK SIMULATION 
The stack simulation is performed in order to highlight differences in the performances of the various fuel cells. The characteristics of 
the fluids entering the stack are presented in Table 3. In the experimental setup, fuel is obtained from a reforming reactor unit located 
on the top of the stack.  
Figure 6 shows the power density distribution in the various cells. The largest value, 612 W/m
2
, occurs in the cell number 10 on the 
portion close to the external row of the axial orifices. The minimum value, 136 W/m
2
, occurs in the external areas of the first cell. The 
average power density is 287.1 W/m
2
. 
In order to improve the efficiency and lifetime of the fuel cell it is necessary to improve this distribution, making it more 
homogeneous. To achieve this result it is necessary to modify the design, intervening on the causes of such distribution, i.e. the non 
homogeneous mass fractions and temperatures, as explained in the following. 
Figure 7 shows the hydrogen mass fraction distribution. The largest concentration occurs in the central area of each cell, close to the 
outer portion where the orifices connecting the inlet anodic channel and the outlet anodic channel are located. This is the area with the 
maximum amount of fresh fuel reaching the anode. The concentration is smaller in the centre because of the smaller amount of fuel 
reaching this zone. The concentration decreases towards the four outlet sections because of the fuel consumption due to the 
electrochemical reaction (see equation 11). In the external areas far from the outlet ducts mass fractions are small because the fluid 
velocity is very small [33].  
Hydrogen concentration is similar in all the cells because the fuel mass flow rate is similar and the hydrogen consumption is the same, 
as each cell produces the same current. 
The oxygen mass fraction in the cathode of four fuel cells is shown in figure 8. The mass fraction is small in the center because of the 
large current density in this zone. The highest concentration takes place in the outer part of the central area, then it decreases from the 
center to the periphery, because of the electrochemical reaction. This distribution is similar in the various cells. 
Figure 9 shows the axial temperature profile at R= 24 mm, calculated using the 3D model, compared with the experimental values 
obtained in the testing lab. The lowest temperature occurs in the cell located on the top (cell 1), which is the cell closer to the inlet 
anodic gas. The highest temperature occurs in the cell number 10.  
In the cells, temperature decreases from the center towards the periphery, which is the consequence of heat generation due to 
electrochemical reactions, activation losses (equation 20) and joule heating (equation 15).  Figure 10 shows the temperature 
distribution in the cell number 10, which is the one with the largest temperature and also the largest temperature gradients. The 
minimum temperature, 876 K, occurs close to the section where the anodic gas enters the fuel cell. Temperature gradients in the cells 
can be reduced through changes in the fluid distribution inside the cell, as discussed hereafter.  
In order to discuss possible ways to improve the stack, the power density in various point of the stack is expressed as the function of 
temperature and position. This is presented in Figure 11. The three markers correspond to different radial positions. Points with the 
same marker correspond to different cells. These points are characterized by similar reactant composition but different temperature, 
thus different voltage and similar current density. In contrast, the three points of the same cell are characterized by considerably 
different reactant composition and slightly different temperature.   
These results show that there are margins to increase the stack performances through changes in the fluid distribution system, both at 
cell level and stack level. At cell level, it is possible to obtain a more homogeneous fluid distribution by tracing Y-shaped distribution 
channels [34] on the stainless steel plates above the porous media [17] and by increasing the number of outlet radial ducts. This allows 
one to reduce the concentration gradients in each cell, which results in a more homogeneous distribution of the current density. The 
  
 6  
Cite this article as: Verda V, Sciacovelli A, Design improvement of circular molten carbonate fuel cell stack through CFD 
Analysis, Applied Thermal Engineering 31 (2011) 2740-2748, doi:10.1016/j.applthermaleng.2011.04.046 
present paper is focused on possible improvements that can be achieved at stack level. These improvements can be obtained by acting 
on the temperature distribution, which involve the fluid distribution management. 
 
STACK IMPROVEMENTS 
Possible changes in the fluid distribution design are analyzed in the present section. These changes are summarized in Table 4. 
A first way to improve the stack consists in adjusting the mass flow rate on the cathodic side, so that a larger flow reaches the hotter 
cells. This may be achieved by properly reducing the diameter of the radial ducts for the colder cells. Such modification is expected 
not to affect the performance of these cells, as the cathodic flow is significantly larger than necessary. The temperature distribution 
(design 2) compared to that of the initial design (design 1) is presented in Figure 12. The pick temperature at R=24 mm drops from 
904.5 K to 894 K, which is beneficial from structural viewpoint as the temperature gradients reduce. The temperature profile in the 
design 2 is always below that for design 1; this is due to the reduced current density, which also means a reduced source term. The 
effect on the power density is thus negative. This quantity reduces to 271 W/m
2
. Nevertheless, it must be considered that the inlet 
temperature of fuel can be increased as far as the maximum temperature is below the maximum temperature in design 1. The 
temperature profile obtained by increasing of 10 °C the inlet temperature of the anodic gas (which may be obtained through heat 
exchange with the exhausts) is also shown in Figure 12 (design 3). This arrangement allows one to obtain a power density closer to 
that in design 1. The difference between maximum and minimum temperature reduces from about 109 K to about 86 K. The figure 
also shows that it is possible to further increase the inlet temperature of the anodic gas and thus increase the power density and reduce 
the temperature gradients. Figure 13 shows that the change in the distribution of cathodic gas produces reductions in the temperature 
gradients in transversal direction. The difference between maximum and minimum temperature in cell 10 is reduced from 33 °C to 21 
°C. This is a major advantage with respect to design 1. 
Further improvement of the stack design consists in supplying both the anodic and cathodic gases from two sides of the stack. This 
means that the anodic gas enters from sections A and H in Figure 1 and exits from sections C and G, while the cathodic gas enters 
from sections B and E and exits from sections D and F. Figure 14 shows the temperature distribution (design 4) compared with that in 
the initial design. The temperature profile becomes symmetric. The minimum temperature becomes close to the cathode inlet 
temperature, 851 K, which is due to the much large mass flow rate at the cathode with respect to the mass flow rate at the cathode. The 
maximum temperature at R=24 mm shifts from the cell number 8 to the cell number 8, i.e. the center of the stack, and drops to about 
882 K. This means that the temperature difference in the axial direction becomes close to 30 °C.  
Figure 15 shows the temperature profile in the cell number 8. Here the largest temperature gradients in transversal directions occur. 
The difference between maximum and minimum temperature in the cell is similar to that in case 1: 32 °C instead of 33 °C. 
The average power density increases to about 340 W/m
2
, which means about 18% larger than the initial design. This value can be 
further increased by increasing the inlet temperature of both the anodic and cathodic gases. In the design 5, an increase of 10 °C has 
been considered. It is shown in figure 13 that the axial temperature profile shifts above almost uniformly. The corresponding value of 
the average power density increases to 344 W/m
2
, and can be further increased as the maximum temperature is below the value 
obtained for the design 1.  
The power density distribution is shown in figure 16. With respect to the design 1, there is a significant reduction in the maximum 
power density, from 612 W/m
2
 to 485 W/m
2
 and an increase in the minimum power density, from 136 W/m
2
 to 216 W/m
2
. There is a 
more homogeneous distribution at stack level and a cell level: in design 1, the difference in power density occurring in the inner and 
outer parts of cell 10 is about 380 W/m
2
, while in design 5, this is reduced in cell 8 to about 240 W/m
2
. Concerning the stack, in 
design 1 there is a large difference in the average power density produced by the various cells: about 315 W/m2 in the cell number 10 
and about 230 W/m2 in the cell number 1. In design 5, this difference is reduced of 55%: about 357 W/m
2
 in the cell number 8 and 
about 310 W/m
2
 in the cell number 1. 
The temperature gradients in the cell number 8, are similar to that shown for the design 4. Small additional reductions may be 
achieved by acting on the cathodic mass flow rate to the different cells, as shown for the design 3. 
Table 4 summarizes the main results obtained with the proposed changes in the stack design. Changes in the cathodic gas distribution 
produces positive effects on the temperature gradients (compare design 2 and 1) but reduction in the stack efficiency. This is because 
the average temperatures in the cells reduce. In order to increase the efficiency it is possible to increase the inlet temperature of 
reactants (compare design 3 and design 2). This has additional positive effects on the temperature gradients. Additional improvements 
in the efficiency can be achieved by adopting a fluid distribution that generates a symmetrical axial temperature profile, which is 
obtained through double side fluid supply. This design dramatically increases efficiency and reduces axial gradients (compare designs 
4 and 5 to the other designs). Radial gradients slightly increase with respect to designs 2 and 3, but this can be improved by increasing 
the cathodic gas flowing to the central cells with respect to that flowing to the boundary cells. Fuel utilization does not change 
significantly in the various designs. 
 
CONCLUSIONS 
In this paper, a 3D model of a molten carbonate fuel cell stack composed of 15 circular cells is presented. The simulations highlight 
some issues related with cell and stack operation. At stack level, issues are mainly related with large temperature gradients which 
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causes differences in the performance of the various cells and may affect their lifetime. Fluid distribution is shown to be crucial in 
order to improve the design. Two different strategies, that can be applied together, are analyzed. The first one consists in increasing the 
cathodic flow at the cells with larger temperature. The main advantage consists in the reduction of the temperature gradients. With the 
examined designs, axial gradients are reduced of about 21% with respect to the initial design, while transversal gradients of about 
36%. The second strategy consists in supplying the anodic and cathodic gases from two sides of the stack. The main advantage is a 
large increase in the average power density, about 18% with respect to the initial design. In addition, the axial temperature gradient is 
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Height 101.25 mm 
External radius 95 mm 
Anodic inlet duct diameter 6 mm 
Cathodic inlet duct diameter 6 mm 
Radial ducts length 22.5 mm 
Radial ducts cross section 5 mm
2
 
Anode thickness 0.5 mm 
Cathode thickness 0.5 mm 
 
Table 1. Stack dimensions 
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Porosity Anode 50% [15] 
 Cathode 55% [15] 










Apparent activation energy Ek 








 [ 31] 
















Table 2. Model parameters  
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 Anodic gas Cathodic gas 
Temperature 753 K 863 K 













Table 3. Characteristics of the anodic and cathodic gases feeding the stack 
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Design 1 (standard) 39.56% 105 33 
Design 2 (reduced diameters of radial ducts) 37.34% 95 21 
Design 3 (Design 2 + DT = 10°C at anodic inlet) 38.60% 86 21 
Design 4 (symmetric) 46.85% 30 32 
Design 5 (symmetric + DT = 10°C at anodic and 
cathodic inlet) 
47.40% 30 32 
 
Table 4. Effect of the various design improvements on the stack performance 
  
  
 14  
Cite this article as: Verda V, Sciacovelli A, Design improvement of circular molten carbonate fuel cell stack through CFD 




Figure 1. Mesh of the computational domain 
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Figure 2. Schematic of a single fuel cell 
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Figure 3. Cross sections A-A and K-K of the fuel cell. 
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Figure 4. Temperature profiles in the cell for grid independence test. 
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Figure 12. Axial temperature profile in the stack for designs 1-3. 
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Figure 13. Temperature distribution in cell number 10 for the design 3. 
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Figure 16. Power density distribution in the stack corresponding with design 5 [W/m
2
] 
 
